P eople who were small at birth have been shown to have an increased risk of CHD and chronic bronchitis in later life. These findings have led to the fetal origins hypothesis that proposes that the fetus adapts to a limited supply of nutrients, and in doing so it permanently alters its physiology and metabolism, which could increase its risk of disease in later life. The Dutch faminethough a historical disaster -provides a unique opportunity to study effects of undernutrition during gestation in humans. People who had been exposed to famine in late or mid gestation had reduced glucose tolerance. Whereas people exposed to famine in early gestation had a more atherogenic lipid profile, somewhat higher fibrinogen concentrations and reduced plasma concentrations of factor VII, a higher BMI and they appeared to have a higher risk of CHD. Though the latter was based on small numbers, as could be expected from the relatively young age of the cohort. Nevertheless, this is the first evidence in humans that maternal undernutrition during gestation is linked with the risk of CHD in later life. Our findings broadly support the hypothesis that chronic diseases originate through adaptations made by the fetus in response to undernutrition. The long-term effects of intrauterine undernutrition, however, depend upon its timing during gestation and on the tissues and systems undergoing critical periods of development at that time. Furthermore, our findings suggest that maternal malnutrition during gestation may permanently affect adult health without affecting the size of the baby at birth. This gives the fetal origins hypothesis a new dimension. It may imply that adaptations that enable the fetus to continue to grow may nevertheless have adverse consequences for health in later life. CHD may be viewed as the price paid for successful adaptations to an adverse intra-uterine environment. It also implies that the long-term consequences of improved nutrition of pregnant women will be underestimated if these are solely based on the size of the baby at birth. We need to know more about what an adequate diet for pregnant women might be. In general, women are especially receptive to advice about diet and lifestyle before and during a pregnancy. This should be exploited to improve the health of future generations.
Chronic degenerative diseases are the main public health problem in most Western countries. Cardiovascular disease, respiratory disease and cancer have become the commonest causes of death and account for three quarters of mortality at adult age (Murray & Lopez, 1994) . A growing body of evidence suggests that these diseases originate in the womb.
People who were small at birth have been shown to have an increased risk of CHD and chronic bronchitis in later life (Barker, 1998) . Cancer, however, has been linked to increased birth weight (Michels et al., 1996) . The link between size at birth and health in later life is thought to reflect programming. This term is used to describe the process by which a stimulus or insult during critical periods of growth and development has lasting effects on the structure or function of tissues and body systems. Programming occurs because the tissues and systems of the body go through critical, often brief, periods of growth and development during fetal life and infancy. Failure of development during these periods as a result of adverse environmental influences changes the body's structure and function permanently.
The associations between small size at birth and CHD later in life have extensively been replicated in studies in several European countries, but also in the US and in India Forsen et al., 1999; Huxley et al., 2000; Leon et al., 1998; Lithell et al., 1996; Osmond et al., 1993; Rich-Edwards et al., 1997) . They extend across the normal range of size at birth and depend on small size for gestational age rather than on prematurity Leon et al., 1998) . A study in Finland showed that the path of growth in childhood modifies the risk of CHD associated with small size at birth. Death rates from CHD were highest among men who were thin at birth but had accelerated weight gain in childhood . The effect size, a more than five fold increase in mortality among men who were thin at birth and overweight at age 11 compared to men with a high ponderal index at birth and lean in childhood, is among the largest found in cardiovascular epidemiology.
These findings have led to the fetal origins hypothesis that proposes that the fetus adapts to a limited supply of nutrients, and in doing so it permanently alters its physiology and metabolism, which could increase its risk of disease in later life (Barker, 1998) . The Dutch famine -though a historical disaster -provides a unique opportunity to study effects of undernutrition during gestation in humans. Famine has seldom, if ever, struck where extensive, reliable and valid data allow the long-term effects to be studied. Moreover, the famine occurred in a previously well-nourished population, it was sharply circumscribed in both time and place, and, the type and degree of nutritional deprivation during the famine were known with a precision unequalled in any large human population before or since. All these characteristics enable that the Dutch famine can be considered as a unique 'experiment of history' to test the fetal origins hypothesis. The fetus becomes undernourished when its demand for nutrients, which largely depends on its rate of growth, exceeds its supply. Nutrient supply to the fetus depends on maternal nutritional state and the fetal supply line. The famine affected maternal nutrition, but possible not the fetal supply line. So the famine enables us to assess the contribution of maternal dietary intake and to a lesser extent maternal body composition to fetal programming of adult disease.
The Dutch Famine 1944 -1945
After weeks of heavy fighting following the invasion of France on the 6th of June 1944, the Allied forces finally broke through German lines. With lightning speed the Allied troops took possession of much of France, Luxembourg and Belgium. By the 4th of September 1944 the Allies had the strategic city of Antwerp in their hands, and on the 14th they entered the Netherlands. Everyone in the Netherlands expected that the German occupation would soon be over. The advance went so quickly that the commanders of the Allied forces also thought it would be only a matter of days before the Germans would surrender. But the advance of the Allies to the north of the Netherlands came to a halt when attempts to get control of the bridge across the river Rhine at Arnhem (operation 'Market Garden') failed.
In order to support the Allied offensive, the Dutch government in exile had called for a strike of the Dutch railways. As a reprisal, the Germans banned all food transport. This embargo on food transport was lifted in early November 1944, when food transport across water was permitted again. By then, it had become impossible to bring in food from the rural east to the urban west of the Netherlands because most canals and waterways were frozen due to the extremely severe winter of 1944 -1945, which had started unusually early. Consequently, food stocks in the urban west of the Netherlands ran out rapidly.
As a result, the official daily rations for the general adult population -which had decreased gradually from about 1800 calories in December 1943, to 1400 calories in October 1944 -fell abruptly to below 1000 calories in late November 1944. At the height of the famine from December 1944 to April 1945, the official daily rations varied between 400 and 800 calories. Children younger than 1 year were relatively protected, because their official daily rations never fell below 1000 calories, and the specific nutrient components were always above the standards used by the Oxford Nutritional Survey (Burger et al., 1948) . Pregnant and lactating women were entitled to an extra amount of food, but at the peak of the famine these extra supplies could not be provided any more. In addition to the official rations, food came from church organisations, central kitchens, the black market and foraging trips to the countryside (Trienekens, 1985) . After the liberation of the Netherlands in early May 1945, the food situation improved swiftly. In June 1945, the rations had risen to more than 2000 calories (Burger et al., 1948) .
There was a serious shortage of fuel during the war which caused a gradual decrease and finally a complete shutting down of the production of gas and electricity, and in several places even the water supply had to be cut off, while the authorities were unable to provide fuel for stoves and furnaces in homes. Throughout the winter of 1944 -1945 the population had to live without light, without gas, without heat, laundries ceased operating, soap for personal use was unobtainable, and adequate clothing and shoes were lacking in most families. In hospitals, there was serious overcrowding as well as lack of medicines. Above all, hunger dominated all misery.
The famine had a profound effect on the general health of the population. In Amsterdam, the mortality rate in 1945 was more than double compared to 1939, and it is likely that most of this increase in mortality was attributable to malnutrition (Banning, 1948) . But, even during this disastrous famine women conceived and gave birth to babies, and it is in these babies that the effects of maternal malnutrition during different periods of gestation on health in adult life can be studied.
The Dutch Famine Birth Cohort Study
We studied people who were born around the time of the Dutch famine in a university hospital, in Amsterdam, the Netherlands. All singletons born alive between 1 November 1943 and 28 February 1947 in the Wilhelmina Gasthuis in Amsterdam, were candidates to be included in the Dutch famine birth cohort. We excluded babies whose main medical records were missing, and those with a gestational age at birth of less than 259 days. In all, 2414 babies were included. The Bevolkingsregister of Amsterdam traced 2155 (89%) of the 2414 babies. Of these, 265 had died, 199 had emigrated from the Netherlands and 164 did not allow the population registry to give us their address. We obtained the current addresses of 1527 people and asked 1018 people who lived in or close to Amsterdam to be interviewed, 912 of them agreed to be interviewed about their medical history and current health. Of these, 741 attended the clinic to undergo more detailed measurements. Mean birth weights among the 912 who were visited at home or the 741 who attended the clinic did not differ from the rest of the 2414 babies (difference adjusted for exposure to famine 12 g, p = 0.5, and 22 g, p = 0.3, respectively).
We considered a baby to be exposed to famine in utero if the average daily ration during any 13 week period of gestation was below 1000 calories. We used three periods of 16 weeks to distinguish between babies exposed during late gestation (born between 7 January and 28 April 1945), mid gestation (29 April to 18 August 1945) and early gestation (19 August to 8 December 1945). We compared the exposed babies with babies born before or conceived after the famine period, whom we grouped as unexposed.
Findings
Of the 2414 babies who were included, 307 were exposed in late gestation, 297 exposed in mid gestation and 217 in early gestation. People conceived after the famine had the lowest mortality up to age 50 (7.2%). Mortality was higher in those exposed to famine in early gestation (11.5%) and mid gestation (11.2%). Mortality was highest in those exposed to famine in late gestation (14.6%) and those born before the famine (15.2%). The differences in mortality were caused by effects of famine on mortality in the first year of life, and these deaths were mainly related to nutrition and infections ). There were no differences in either overall or cause-specific mortality in adulthood between the exposure groups.
Women who were exposed to famine in late pregnancy were slightly older than women in the other exposure groups and a higher proportion of them was married (Table 1) . Women exposed to famine in late pregnancy did not gain any weight in the third trimester, whereas women exposed in mid and early pregnancy gained more weight than unexposed mothers did due to the immediate provision of food after the war. Consequently women exposed in late pregnancy weighed less at their last prenatal visit.
Exposure to famine during gestation had an effect on the sex ratio of liveborn babies. The percentage of boys born alive was lower, especially after exposure in late gestation. Babies exposed to famine in late gestation were lighter, shorter, and thinner with smaller heads and placentas than unexposed babies. Babies exposed to famine in mid gestation were lighter, shorter, and had smaller heads than unexposed ones.
Children who were exposed to famine in early gestation were heavier and longer at birth.
Adult Disease
People who had been exposed to famine in late or mid gestation had reduced glucose tolerance, shown by increased 2 hr plasma glucose concentrations (Ravelli et al., 1998) . We also found that those who were light at birth had increased 2 hr plasma glucose concentrations, but the effects of exposure to famine on glucose tolerance were larger than could be explained by the small famine-related reduction in birth weight. We found that people exposed to famine in early gestation had a more atherogenic lipid profile , somewhat higher fibrinogen concentrations and reduced plasma concentrations of factor VII , a higher BMI and they appeared to have a higher risk of CHD . Though the latter was based on small numbers, as could be expected from the relatively young age of the cohort. Nevertheless, this is the first evidence in humans that maternal undernutrition during gestation is linked with the risk of CHD in later life. In addition, people who had been exposed to famine in early gestation more often rated their health as poor. This indicates that they are not only less healthy in terms of objective measures of health, but that they also feel less healthy. Because the famine ended abruptly, the women who conceived during the famine (and whose fetuses were thus undernourished in early gestation) were well nourished in later pregnancy, which may have contributed to the above average birth weight of their babies. The transition from nutritional deprivation in early gestation to nutritional adequacy later on may have led to metabolic conflicts resulting in disease in later life.
Although we found that people who had been small at birth had high blood pressures in later life we could not demonstrate an effect of prenatal exposure to famine on blood pressure (Roseboom et al., 1999) . A more detailed analysis, however, revealed that blood pressure of the offspring was inversely associated with the protein/carbohydrate ratio of the average ration during the third trimester of pregnancy, whereas it was not associated with any absolute measure of intake during pregnancy ). Children whose mothers ate little protein in relation to carbohydrate during the third trimester of pregnancy had higher blood pressures at adult age. This may imply that blood pressure is not so much linked to absolute amounts of nutrients but to variations in the balance of macro-nutrients in the maternal diet during late gestation. We found that people who had been exposed to famine in mid gestation had an increased prevalence of obstructive airways disease (Lopuhaa et al., 2000) . These observations were not paralleled by reduced lung function or increased serum concentrations of IgE. This suggests that the increased prevalence of symptoms and disease may be attributable to increased bronchial reactivity rather than to irreversible airflow obstruction or atopic disease. Because the bronchial tree grows most rapidly in mid gestation, our findings support the hypothesis that fetal undernutrition permanently affects the structure and physiology of the airways during 'critical periods' of development that coincide with periods of rapid growth.
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Effects of Prenatal Exposure to the Dutch Famine on Adult Disease in Later Life: An Overview
Methodologic Issues
Our findings mimic a scientific experiment in that they compare the health of people exposed to famine at different times during their gestation. However, the analogy with an experiment is violated to some extent because the famine affected the mothers' fertility and the offsprings' survival (Stein et al., 1975) . Selective fertility did not seem to explain our findings as adjustments for maternal characteristics that might be proxies for fertility (age, parity, maternal weight and socio-economic status) hardly altered the results. Nor did we find indications that selective early mortality had caused differences in adult health: There were no differences in adult health between people who were born before the famine and those who were conceived after the famine, whereas early mortality differed most strongly between these two groups.
Although the famine was characterised by extreme shortage of food, the availability of food was not the only aspect that varied with the famine. The famine coincided with a very cold winter during which infections were widespread (Burger et al., 1948) . Also, the stress experienced by pregnant women during the famine due to lack of food, the war, and the absence of their spouses will have been more extreme than in those who were pregnant before or after the famine. We can not rule out effects of exposure to stress contributing to long-term effects on the offsprings' health. We do not, however, consider stress to be a major cause of the effects we found since we did not find differences in health between people who were born before the famine and those conceived after the famine, whereas one would expect differences in the levels of exposure to stress between these groups. Moreover, we observed effects on health predominantly in the offspring of women exposed to famine in early gestation. One would expect at least the same or even higher levels of stress in pregnant women exposed to famine in late
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Twin Research October 2001 Tessa J. Roseboom, Jan H.P. van der Meulen, Anita C. J. Ravelli, Clive Osmond, David J. P. Barker and Otto P. Bleker or mid gestation, yet, we did not find that offspring of these women had a poorer health. Whatever the true cause of the adaptations made by the fetus that resulted in disease in later life, our findings indicate that an adverse environment in utero can have permanent effects on health.
Conclusion
Our findings broadly support the hypothesis that chronic diseases originate through adaptations made by the fetus in response to undernutrition. The long-term effects of intrauterine undernutrition, however, depend upon its timing during gestation and on the tissues and systems undergoing critical periods of development at that time. Our findings suggest that risk factors for CHD, such as impaired glucose tolerance, hypercholesterolaemia, raised blood pressure and obesity, which often co-exist, have their origins in utero, but are programmed at different times. Furthermore, our findings suggest that maternal malnutrition during gestation may permanently affect adult health without affecting the size of the baby at birth. This gives the fetal origins hypothesis a new dimension. It may imply that adaptations that enable the fetus to continue to grow may nevertheless have adverse consequences for health in later life. CHD may be viewed as the price paid for successful adaptations to an adverse intra-uterine environment. It also implies that the long-term consequences of improved nutrition of pregnant women will be underestimated if these are solely based on the size of the baby at birth. We need to know more about what an adequate diet for pregnant women might be. In general, women are especially receptive to advice about diet and lifestyle before and during a pregnancy. This should be exploited to improve the health of future generations.
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Call for papers In addition we will welcome original papers, reviews, case histories and brief 'personal experiences'. Although primarily concerned with bereavement following death, papers on the loss of the twinship through disability or separation will also be considered. 
